Some bacterial pathogens produce chitinases as virulence factors during host infection. The molecular target of such enzymes in non-chitinous hosts remains uncertain. We studied the importance of Listeria monocytogenes EGD-e and Salmonella enterica ser. Typhimurium LT2 chitinases for intracellular survival in Dictyostelium discoideum, and for Salmonella, also infection of mammalian cell lines, and a mouse model. The Salmonella chitinase did not contribute significantly to infection of D. discoideum, mammalian cell lines or mice. However, survival in D. discoideum was clearly reduced for Listeria mutants deficient of ChiB (8-fold) or deficient of both ChiA and ChiB (22-fold). Our findings suggest that chitinases from the two species play different roles in virulence.
INTRODUCTION
Bacterial chitinases belonging to the glycoside hydrolase family 18 hydrolyze the second most abundant polysaccharide in nature, chitin, which comprises linear β-1,4-N-acetylglucosamine (GlcNAc) residues. Since chitin is absent in mammals, but present in e.g. fungi and exoskeletons of arthropods, chitinases from bacterial pathogens have traditionally been associated with utilization of this substrate in the environment. There is, however, an increasing amount of evidence showing that some chitinases are virulence factors of intracellular bacterial pathogens, such as Listeria monocytogenes (Chaudhuri et al. 2010) , Legionella pneumophila (DebRoy et al. 2006) and, perhaps, also Salmonella enterica ser. Typhimurium (Larsen et al. 2011; Frederiksen et al. 2013) . The targets of these chitinases during infection have not been identified, but they most likely comprise glycoproteins and/or glycolipids that contain GlcNAc (Frederiksen et al. 2013 (Frederiksen et al. , 2015 .
It has been shown by microarray data that the chitinase chiA gene of S. enterica ser. Typhimurium LT2 is dramatically transcriptionally upregulated during intracellular infections of macrophages and epithelial cells (Eriksson et al. 2003; Hautefort et al. 2008) , and to a less extent during infection of chicken caecum (Harvey et al. 2011) , suggesting a function of this enzyme during infection.
The chitinases ChiA and ChiB, of L. monocytogenes EGD-e, contribute to listerial infection of mice liver and spleen (Chaudhuri et al. 2010 (Chaudhuri et al. , 2013 , but not various mammalian cell lines (Chaudhuri et al. 2010; Larsen, Leisner and Ingmer 2010) . ChiA enhances infection in mice by causing a decrease in inducible nitric oxide synthase (iNOS) expression (Chaudhuri et al. 2013) . The iNOS enzyme plays a part in the innate immune response and is in mice expressed in predominantly liver, spleen, kidney and the lung upon induction by certain cytokines and bacterial components such as LPS (Chakravortty and Hensel 2003; Kan et al. 2004 ). For at least ChiA, catalytic activity is required for the pathogenic effect and it is possible that the specific mammalian target consist of GlcNAc-containing glycans associated with glycoproteins that reside within the NOS2 pathway (Chaudhuri et al. 2013) .
It has been hypothesized that virulence traits from pathogens conferring disease in human result from adaptation to other ecological niches (Casadevall and Pirofski 2007) . Hence, one major question is whether chitinases from bacterial pathogens support infection of a specific host or rather a range of hosts. To answer this question, we carried out an infection study using the unicellular slime mould Dictyostelium discoideum, and for salmonella, infection of mammalian cell lines, and a mouse line. We did not examine the effect of the listerial chitinases upon infection on mammalian cell lines and mice as this has previously been performed (Chaudhuri et al. 2010; Larsen, Leisner and Ingmer 2010) . We suggest that the chitinolytic system of L. monocytogenes EGD-e has various biological roles ranging from contributing to survival of free living cells in the environment to survival in a broad range of hosts from cellular slime moulds to mammals. On the other hand, the potential role of the S. enterica ser. Typhimurium LT2 ChiA enzyme in infection is currently not clear.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Bacterial strains are described in Table 1 . The virulence of S. enterica ser. Typhimurium has previously been described for both cell lines (Nickerson and Curtiss 1997) and the mouse strain (Alam et al. 2002) used in this study. Salmonella, Klebsiella and Listeria strains were routinely grown in liquid Luria broth (LB) medium (Oxoid) at 37
• C with agitation, or on solid LB agar plates (Salmonella and Klebsiella) or BHI agar plates (Listeria). Ampicillin (Sigma-Aldrich) and kanamycin (Sigma-Aldrich) were added when appropriate at 100 and 50 μg ml −1 , respectively.
Construction of strains and plasmids
Bacterial plasmids are listed in Table 1 . The low copy vector, pWSK29, was chosen for expression of chitinase in the complementation strain, 'LT2 Comp', as this plasmid has previously been shown not to significantly affect invasion and intracellular replication of S. enterica ser. Typhimurium in cell lines (Knodler et al. 2005) . To obtain pWSK29-ChiA, the STM0018 gene was amplified from chromosomal DNA of S. enterica ser. Typhimurium LT2 using primers ChiA For and ChiA Rev (Table S1 , Supporting Information). The PCR product was cloned into the pWSK29 plasmid using terminal restriction sites EcoRI and XhoI. The plasmid construct was verified by sequencing (Macrogen Inc.) using primers pWSK29 For and pWSK29 Rev (Table S1 , Supporting Information). To obtain the strains 'LT2 vector' and 'LT2 comp', the pWSK29 and pWSK29-ChiA plasmid, respectively, were electroporated into the S. enterica ser. Typhimurium strain 'LT2 chiA' using a standard procedure (Sambrook and Russell 2001) . Transformants were plated on ampicillin-containing LB agar. No difference in growth rates was observed for the Salmonella strains when grown in LB at 37 • C (data not shown). Mus musculus Ralph, Prichard and Cohn (1975) Mice strain
Jackson Laboratories
We were unable to make complementation strains for the Listeria deletion mutants; other researchers working with Listeria chitinases have reported the same problem for ChiB, but not for ChiA (Chaudhuri et al. 2010) .
Immunodetection of ChiA expression in Salmonella complementation (LT2 Comp) strain
Pellets of bacteria grown to exponential (OD 600 of 0.3) and stationary phase (OD 600 of 0.7) was run on an SDS-PAGE gel, blotted onto a PVDF membrane followed by immunodetection with a polyclonal anti-ChiA antibody (CovalAb).
Immunoblotting of the whole cell (pellet) fraction detected several bands which were exclusive for the complementation strain (Fig. S1 , Supporting Information). The largest of the bands had a molecular mass of 78 kDa, which corresponds well to the theoretical molecular mass of ChiA (76 kDa). Two smaller bands with computed mass of 50 and 30 kDa could be fragments of the ChiA protein. In contrast, the wild-type strain did not express ChiA to a detectable degree under the tested growth conditions. No bands were observed by immunoblotting of culture supernatants (data not shown).
Cultivation and infection of Dictyostelium
The D. discoideum AX2 strain was obtained from the DictyBase Stock Center (Fey et al. 2013) . In general, cultivation was done in accordance with the recommendations of the DictyBase database (Fey et al. 2007) . Amoebae were grown axenically in a suspension of HL5 medium (King and Insell 2006) supplemented with 100 μg ampicillin ml −1 and 100 μg streptomycin
Infection experiments were done by seeding amoebae in 24-well culture plates (TPP, TPP Techno Plastic Products AG) containing antibiotic free medium. Bacteria were added to the wells at an MOI (multiplicity of infection) of approximately 5:1. Wells inoculated with Klebsiella aerogenes served as positive controls of bacterial uptake by the amoebae. The plates were centrifuged at 200 g for 5 min and incubated at 22
• C to facilitate bacterial infection. Based on preliminary studies, Salmonella and Listeria strains were mixed with amoeba cells for a time period of 2.5 h and 30 min, respectively. After this period of time (designated time point zero p.i.), wells were washed twice with PBS followed by incubation in medium supplemented with 50 μg gentamicin ml −1 (Gibco, Life Technologies). After 1 h of incubation, concentration of antibiotic was lowered to 5 μg ml −1 . At various time points p.i. (see Fig. 1 ), wells were washed twice in PBS to remove gentamicin, and amoebae cells were lysed with 1 ml of 0.1% Triton X-100. The lysate was diluted in series in ice cold PBS and the serial dilutions were immediately spread onto agar plates, which were incubated overnight at 37
• C. The following day, contents of intracellular bacteria per well was enumerated as CFU/well (CFU output ). Previously, enumeration of the inoculum per well had been determined (CFU input ). The percentage of infection was calculated as:
Unless stated otherwise, all solutions were preheated to 22
• C, and incubations done at 22
• C.
Cultivation and infection of cell lines
The human epithelial cell lines HeLa and Int-407 were propagated as monolayers in MEM GlutaMAX-I medium (Gibco, Life Technologies), while the J744A.1 mouse monocyte/macrophage monolayers were grown in RPMI 1640 GlutaMAX-I medium (Gibco, Life Technologies). Both media were supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Gibco, Life Technologies) and 25 μg gentamicin ml −1 . Cultures were incubated at 37
• C in a humidified 5% CO 2 incubator. For subcultivation, HeLa and Int-407 cells were detached using a 0.25% trypsin-EDTA solution (Gibco, Life Technologies) while macrophages were removed using a cell scraper.
In infection experiments, 1 day prior to infection, cells were seeded in 12-well culture plates. One hour before infection, wells were washed twice in PBS and culture media without antibiotics was added to the cells. Exponentially growing bacterial cultures suspended in PBS were added to the wells at an MOI of approximately 10:1. Bacteria were allowed to invade HeLa and Int-407 cells for 10 min and J774A.1 for 20 min. Subsequently (designated time point zero p.i.), extracellular bacteria were eliminated by washing the wells twice in PBS followed by incubation in HL5 medium supplemented with 100 μg gentamicin ml −1 . After 1 h of incubation, concentration of antibiotics was lowered to 25 μg ml −1 . At various time points p.i. (Fig. 2 ), wells were washed twice in PBS to remove gentamicin. Cells were lysed with 1 ml of a 0.1% Triton X-100 solution, and diluted in series in ice cold PBS. Lysates were subsequently plated and enumerated as described for the Dictyostelium infection assay. Unless stated otherwise, all solutions were preheated to 37
• C and incubations performed at 37
• C and 5% CO 2 .
Infection of mice
Six-week-old female C57BL/6 mice were used to assess the virulence of the Salmonella strains. The C57BL/6 strain is susceptible to S. enterica ser. Typhimurium infection and serves as a model of acute typhoid fever (Menendez et al. 2009 ). Two groups of five mice were orally challenged with an equal mixture of either wild-type versus deletion mutant strain or wild-type versus complementation strain. Bacterial cultures grown to exponential phase (OD 600 of 0.4) were suspended in PBS and mixed before infection, to give a challenge dose of approximately 5 × 10 6 bacteria per strain (CFU input ). Mice were sacrificed 6 days postinoculation or earlier if severe illness was observed. The mice spleens were removed aseptically and homogenized in PBS. The homogenate was serially diluted in PBS and plated on LB agar. Following incubation of plates overnight, 200 colonies were randomly picked and streaked on selective plates. The number of bacteria infecting the spleens was determined as CFU per spleen (CFU output ). The competitive indices (CI) were calculated as:
A CI of 1 represents an equal ratio of mutant to wild-type bacteria, while competitive indices of less than 1 indicate that the mutant is attenuated. Mice infection studies were conducted with permission from the Danish Animal Experiments Inspectorate, license number 2009/561-1675, in accordance with Danish law. 
Statistical analysis
Statistical analysis of data was performed in GraphPad Prism version 6.0. Cell line and Dictyostelium infections were evaluated using one-way ANOVA and Tukey's multiple comparisons test post-test. The mouse competition index assay was evaluated using a two-tailed one-sample t-test with a theoretical mean of 1. Linear correlations were evaluated by two-tailed analysis of Pearson correlation coefficients.
RESULTS
Listeria chitinases, but not the Salmonella chitinase, contribute to survival in Dictyostelium
No significant differences in the uptake of different Listeria strains by Dictyostelium were observed at 1.5 h p.i., suggesting that neither of the chitinases was of importance at this stage (Fig. 1a) . The intracellular presence of K. aerogenes was not significantly different from that of wild-type Listeria after 1.5 h p.i., but decreased after 6 h as expected for amoebal grazing (Raper 1937) . Contrarily, from 1.5 to 6 h p.i., the intracellular load was unchanged for the wild-type Listeria and the chiA mutant, but reduced for the chiB and the double deletion mutants (Fig. 1a ) No significant differences in the uptake of different Salmonella strains by Dictyostelium were observed at 1.5 h p.i. or 6 h. p.i. Thus, the chitinase was dispensable for survival of Salmonella in Dictyostelium under the chosen experimental setting (Fig. 1b) .
Potential role of Salmonella chitinase for infection of mammalian cells
Regardless of cell line and duration of infection, the intracellular loads displayed by the mutant strains were seemingly slightly reduced as compared to the wild type (Fig. 2) . However, these differences were only statistically significant for early infection of HeLa cells at 2 h p.i. (Fig. 2a) . The complementation strain and the strain carrying the empty vector were included as controls in preliminary experiments (exemplified with HeLa cells in Fig. S2 , Supporting Information). The failure of the complementation strain to show a higher infectability than the mutant strain might be a consequence of a vector-associated fitness cost (Knodler et al. 2005) . 
Potential role of Salmonella chitinase for infection of mice
The CI for the mouse model showed that fewer chitinase mutants than wild-type bacteria were recovered from the mice spleens (Fig. 3) but the difference was not statistically significant (P = 0.067). Also, no significant differences were observed between the complementation strain and the wild-type strain in the competition assay.
A large variation was observed for bacterial loads recovered from mice spleens ranging from 2 × 10 5 to 3 × 10 8 CFU/spleen.
This variation might be due to a strong bottleneck effect as previously observed in mice orally challenged with Salmonella enterica ser. Typhimurium (Carter and Collins 1974) .
DISCUSSION
We have previously demonstrated that the virulence-related chitinases ChiA and ChiB of L. monocytogenes EGD-e and the chitinase ChiA of S. enterica ser. Typhimurium SL1344 (identical to ChiA of S. enterica ser. Typhimurium LT2) possess catalytic activities towards substrates other than chitin. These include for all three enzymes the model glycan LacdiNAc-TMR, for the Salmonella chitinase LacNAc-TMR, and for the Salmonella chitinase and to a smaller degree the Listeria ChiB chitinase also LacNAcβ1,6-LacNAc-TMR (Larsen et al. 2011; Frederiksen et al. 2015) . These substrates are found in association with various proteins and lipids in eukaryotic cells (Cummings 2009 ). This study was initiated to explore if these chitinases indeed support intracellular infection of eukaryotes. We did not, however, examine the effect of the listerial chitinases upon infection on mammalian cell lines as they have been shown in other studies not to play a role (Chaudhuri et al. 2010; Larsen, Leisner and Ingmer 2010) .
We have previously shown that the chitinolytic system of L. monocytogenes EGD-e is under regulation by both virulence and environmental parameters (Larsen, Leisner and Ingmer 2010) and that the chitinase activity is readily observed in a simple agar assay using chitin as a substrate. When applying this method, chitinolytic activity is observed even at temperatures lower than 30
• C (Leisner et al. 2008) , which is the lower limit for many L. monocytogenes virulence-related genes. This indicates that this system possesses diverse biological roles ranging from chitin metabolism as part of as a saprophytic life style to the support of infection of non-chitinous mammals. We here explored whether the virulence properties of the listerial chitinolytic system extend to infection of primitive nonchitinous, unicellular hosts. We used for this purpose the cellular slime mould, D. discoideum, as model organism and found a clear reduced intracellular survival of L. monocytogenes EGDe deficient of both ChiA and ChiB or deficient of ChiB alone (Fig. 1) . This result is the first demonstration of bacterial chitinases as virulence factors in relation to intracellular survival in non-chitinous hosts. Intriguingly, although D. discoideum does not contain chitin synthases or chitin, it does, however, possess a number of chitinases. We have shown that an ortholog (accession number: EFA83839.1) of one of these chitinases encoded by another species of cellular slime mould, Polysphondylium pallidum, has a low degree of catalytic activity towards a LacdiNAc model substrate (Frederiksen et al. 2015) . This enzyme does not possess a leader peptide suggesting that the targets are intracellular. The biological role of Dictyostelium and other slime mould chitinases has not been examined but it is a possibility that they contribute to degradation of chitin containing yeast prey. It would, however, be of considerable interest to explore the other possibility: that these enzymes and the Listeria enzymes may share similar intracellular target(s). We are currently exploring this possibility further by conducting pull-down experiments to find a binding partner in extracts of Dictyostelium cytosolic material.
The ChiA chitinase of S. enterica ser. Typhimurium LT2 does not, on the other hand, play a role for survival in Dictyostelium under the experimental conditions in this study. Salmonella enterica ser. Typhimurium is indeed pathogenic for this organism and infection induces a starvation-like response and leads to inhibition of chemotaxis and cell aggregation (Sillo et al. 2011) . No microarray analyses on expression of Salmonella genes were reported in that study and, thus it is not known if ChiA is produced during infection of D. discoideum. A microarray study on infection by S. Typhimurium of the ciliate Tetrahymena pyriformis showed no upregulation of chiA as compared to transcription in LB or water (Rehfuss, Parker and Brandl 2011) . Thus, the S. enterica ser. Typhimurium ChiA enzyme appears not to augment infection of protozoan host cells.
Despite the noted upregulation of ChiA in epithelial and macrophage cells (Eriksson et al. 2003; Hautefort et al. 2008) , our data do not support that this chitinase augments infection of these cell lines to any large degree. This suggests that the role of ChiA during infection might instead be associated with a regulatory effect on the host immune system rather than a direct role in intracellular infection, similar to the L. monocytogenes chitinolytic system (Chaudhuri et al. 2010 (Chaudhuri et al. , 2013 . This would also resemble the immune regulatory role suggested for the human chitinases, acidic mammalian chitinase and chitotriosidase, the latter predominantly produced by macrophages (Hollak et al. 1994) .
We did a preliminary test of whether the ChiA enzyme plays a role for the ability of S. enterica ser. Typhimurium LT2 to infect mice. Although the infective ability of the chiA deletion mutant appeared to be slightly attenuated compared with the wild type, the results were not significant for the small number of animals studied. Interestingly, the lower performance of chitinase deletion mutant as compared to wild-type strain correlated with a low splenic bacterial burden (Fig. S3A, Supporting Information) . This observation could be explained by the rescue of the mutants virulence defect by chitinase secretion from co-infecting wild-type bacteria. Indeed, such an effect has recently been described for L. monocytogenes EGD-e chiA mutants which are rescued by chitinase provided in trans by wild-type bacteria (Chaudhuri et al. 2013) . The results reported here suggest that further studies using an optimized experimental setting e.g. by use of i.v. injection rather than oral challenge, and by avoiding mixed infections, are needed for testing that ChiA has an impact on the immune system in mice.
